Abstract: Among various kinds of photochromic compounds, bridged imidazole dimers have been known as fast photo-switch molecules. Bridged imidazole dimers have opened up various potential applications to photochromic lenses and real-time holographic displays. The optical properties of bridged imidazole dimers strongly depend on the bridging moiety to tether two imidazole rings. Therefore, the control of the bridging structure by introducing another photochromic moiety would increase the versatility of bridged imidazole dimers. In this study, we designed and synthesized a new type of the bridged imidazole dimer 1 which has the azobenzene moiety as the photo-responsive linker. The cis-trans isomerization of the azobenzene moiety enables to change the distance between the photogenerated radical pairs. The two structural isomers, cis-1 and trans-1, are observed and both compounds undergo the photochromism to produce the imidazolyl radicals. We found that the two imidazolyl radicals generated from cis-1 are close enough to form the intramolecular C-N bond, whereas the imidazolyl radicals of trans-1 undergo the intermolecular recombination reaction due to the long distance between the radicals. Our results demonstrate the control of intra-/intermolecular radical recombination reactions by the combination of the two photochromic compounds.
Introduction
Recently, photochromic compounds, which reversibly switch their structures upon light irradiation, have received much attention because of their potential applications to electrical and optical switches [1] [2] [3] [4] [5] [6] , lightinduced molecular actuators [7] [8] [9] [10] [11] , photo-triggers for the biofunctional materials [12] [13] [14] [15] [16] [17] , and so on [18] [19] [20] [21] [22] [23] [24] . Moreover, photochromism is one of the best examples to control making and breaking chemical bonds by external stimuli. Hexaarylbiimidazole (HABI) generates a couple of triphenylimidazolyl radicals (TPIRs) by the homolytic cleavage of the C-N bond upon UV light excitation (Scheme 1a) [25, 26] . The radicals thermally recombine to reproduce the initial imidazole dimer. The thermal back reaction of TPIRs takes from several tens of seconds to more than minutes because the photogenerated radicals diffuse into the medium. We have recently succeeded in accelerating the thermal recombination reaction by bridging the imidazolyl radicals. The connection of two imidazolyl radicals with the [2.2]paracyclophane ([2.2]PC) moiety inhibits the diffusion of the photogenerated radicals in solution, resulting in the fast thermal back reaction of the radical species: half-life (τ 1/2 ) = 33 ms at 298 K in benzene (Scheme 1b) [27, 28] . We have developed various kinds of bridged imidazole dimers by changing the bridging moieties. We have found that the small differences of the conformation of the bridging moiety give drastic changes of their photochromic properties. For example, the 1,1′-bi-2-naphthol (BINOL)-bridged imidazole dimer (Scheme 1c) shows the fast thermal back reaction with sustained the chirality of the BINOL moiety [29] . The degree of the conformation change between the colorless dimer and colored biradical is larger than that of the [2.2]PC-bridged imidazole dimer because of the flexibility of the BINOL moiety [30] . On the other hand, although BINOL is very similar to binaphthyl, the binaphthyl bridged imidazole dimer shows the completely different photochromic behaviors: negative photochromism [31, 32] . In the negative photochromism, the thermally stable colored species isomerizes to the colorless species upon visible light irradiation via the biradical species. The colorless species thermally reverts to the colored species within 20 min at room temperature in benzene (Scheme 1d) [31] . These bridged imidazole dimers have wide range of potential applications to ophthalmic lenses, fluorescence switches [33] , real-time holographic displays [34, 35] , fast-response chiral dopants, and light-triggers for molecular machines.
Above examples have shown that the bridging structure is important for the photochromic properties of bridged imidazole dimers. Therefore, the control of the bridging structure by another photochromic moiety would increase the versatility of bridged imidazole dimers. In this study, we newly designed and synthesized the azobenzene-bridged imidazole dimer (1, Scheme 2). We demonstrate the control of the distance between two imidazolyl radicals by the photoinduced cis-trans isomerization of the azobenzene moiety. Two diphenylimidazolyl radicals bridged by the cis-azobenzene moiety (cis-1R) are close enough to form the intramolecular C-N bond. On the other hand, the diphenylimidazolyl radicals bridged by the trans-azobenzene moiety (trans-1R) undergo the intermolecular recombination reaction because the trans-conformation of the azobenzene moiety increases the distance between the radicals. The control of the distance between two radicals generated from 1 would enable the control of the intramolecular and intermolecular recombination, which would give useful information for the photo-induced macroscopic volume change and the photo-control of viscosity.
Experimental section

Synthesis
Materials and methods
All reactions were monitored by thin-layer chromatography carried out on 0.2 mm E. Merck silica gel plates (60F-254). Column chromatography was performed on silica gel [Silica Gel 60N (spherical, neutral), 40-50 μm, Kanto Chemical Co., Inc.)]. 1 H NMR spectra were recorded at 400 MHz on a Bruker AVANCE III 400 NanoBay. DMSO-d 6 was used as deuterated solvents. Mass spectra (electrospray ionization time-of-flight mass spectrometry, ESI-TOF-MS) were measured by using a Bruker micrOTOF II-AGA1. All glassware were washed with distilled water and dried before use. Unless otherwise noted, all reagents and reaction solvents except acetic acid were purchased from TCI, Wako Co. Ltd., Aldrich Chemical Co., Inc., Kanto Chemical Co., Inc., and ACROS Organics, and were used without further purification. Acetic acid was purified by adding 5 wt% KMnO 4 , boiling under reflux for 2 h and then fractionally distilling to remove acetaldehyde.
3,3′-Dimethoxyazobenzene (2) and 3,3′-dihydroxyazobenzene (3) (Scheme 3) were prepared according to literature procedures [36, 37] .
Compound 4
trans-3,3′-Dihydroxyazobenzene (30 mg, 0.14 mmol), 2-chloro-4-fluorobenzaldehyde (60 mg, 0.38 mmol) and potassium carbonate (50 mg, 0.36 mmol) were stirred in DMF (2 mL) at 100 °C for 25 h. After cooling to room temperature, the reaction mixture was extracted with CH 2 Cl 2 . The solution was washed with water, and dried over MgSO 4 . The organic phase was concentrated under reduced pressure and the crude product was purified by silica gel column chromatography (eluent:hexane/AcOEt = 10/3) to give 4 as a reddish orange solid (47 mg, 68 %). 1 
Compound 5
Compound 4 (25 mg, 0.051 mmol), benzil (24 mg, 0.11 mmol) and ammonium acetate (39 mg, 0.51 mmol) were stirred in acetic acid (2.5 mL) at 110 °C for 38.5 h. After cooling to room temperature, the reaction mixture was neutralized with aqueous NH 3 . The crude product was collected and purified by silica gel column chromatography (eluent:hexane/AcOEt = 5/2) to give trans-5 as a reddish orange powder (26 mg, 59 %). 
cis-1 and trans-1
Compound cis-5 was separated by SiO 2 column chromatography (AcOEt/hexane = 2/5) from the mixture solution of cis-5 and trans-5 at photostationary state upon 365 nm UV irradiation. Compound cis-5 (25 mg, 2.8 × 10 −2 mmol) and lead oxide (II) (137 mg, 0.574 mmol) were stirred in benzene (20 mL) at room temperature for 16 h. The reaction mixture was filtered. After removal of the solvents, the crude mixture was purified by silica gel column chromatography (eluent:benzene/AcOEt = 20/1) to give cis-1 as a pale yellow solid (2 mg (Fig. 1b) .
X-ray crystallographic analysis
The diffraction data of the single crystal of trans-1 was collected on the Bruker APEX II CCD area detector (MoKα, λ = 0.71073 nm). During the data collection, the lead glass doors of the diffractometer were covered to exclude the room light. The data refinement was carried out by the Bruker APEXII software package with SHELXT program [39, 40] . All non-hydrogen atoms were anisotropically refined.
Laser flash photolysis
Laser flash photolysis experiments were conducted by using the same setup as described in our previous report [28] . In detail, the laser flash photolysis experiments were carried out with a TSP-1000 time resolved spectrophotometer (Unisoku). A 10 Hz Q-switched Nd:YAG (Continuum Minilite II) laser with the third harmonic at 355 nm (pulse duration: 5 ns) was employed for the excitation light. Excitation pulse at 450 nm (pulse width, 5 ns) was provided by a Continuum Surelite II Q-Switched Nd:YAG coupled to a Continuum Panther EX OPO. The probe beam from a halogen lamp (OSRAM HLX64623) was guided with an optical fiber scope to be arranged in an orientation perpendicular to the exciting laser beam. The probe beam was monitored with a photomultiplier tube (Hamamatsu R2949) through a spectrometer (Unisoku MD200) for the time profile of the thermal isomerization and with a multi-channel spectrophotometer (Unisoku MSP-1000-V1) for the transient absorption spectroscopy. Optical grade solvents were used for all measurements.
DFT calculation
All calculations were carried out using the Gaussian 09 program (Revision D.01) [41] . The molecular structures for the calculation of the IR and UV-vis absorption spectra were fully optimized at the B3LYP/6-31G(d) level of the theory and analytical second derivatives were computed using vibrational analysis to confirm each stationary point to be a minimum. TDDFT calculations were performed at the B3LYP/6-31+G(d) level of the theory for the optimized structures.
Results and discussion
X-ray crystallographic analysis
Compound trans-5 isomerizes to cis-5 upon UV (365 nm) light irradiation. The ratio of trans-5 and cis-5 at the photostationary state is 7:20 in benzene at 298 K, confirmed by 1 H NMR spectroscopy. Compound cis-1 was prepared by the oxidation of the precursor cis-5 separated by the SiO 2 column chromatography. While cis-5 is relatively stable (the half-life of the cis-trans isomerization is 20 days at room temperature as described later), cis-1 is thermally unstable and isomerizes to the photochromic isomer (trans-1) within a few days at room temperature in benzene. On the other hand, the production yield of trans-1 after the oxidation of the precursor trans-5 is extremely low. This result suggests that the intramolecular recombination reaction of trans-1R is not the efficient process under the experimental condition (as described in detail later). Although we tried to recrystallize cis-1 at 253 K to decrease the rate of the thermal cis-trans isomerization, we could not obtain the crystal of cis-1 most probably due to the low crystallinity. On the other hand, we happened to obtain the crystals of trans-1 formed by the thermal isomerization of cis-1 (Fig. 2) . The DFT calculation [B3LYP/6-31G(d) level of the theory] also suggests that the electronic energy of trans-1 with zero-point energy correction is 66.4 kJ mol −1 more stable than that of cis-1. Compound trans-1 possesses the intramolecular C-N bond in spite of the long distance (9.0 Å) between the two cross-linking points (the distance between the two ether groups). It is worth mentioning that the bridged imidazole dimer possessing such a long distance between the bridging parts has not been reported before. The length of the intramolecular C-N bond (1.474 Å) is similar to that of the reported bridged imidazole dimers. The two imidazole rings are orthogonally arranged due to their steric hindrance.
cis-trans isomerization of the azobenzene parts
Because cis-1 has two photochromic units, it is important to investigate each photochromic properties individually. As a first step, the thermal cis-trans isomerization of the azobenzene parts of cis-5 and cis-1 was investigated in detail. The thermal cis-trans isomerization of the precursor lophine (cis-5) was monitored by 1 H NMR spectroscopy (Fig. 3a) in DMSO-d 6 at 298 K. The thermal cis-trans isomerization of cis-1 in benzene Fig. 2 (a) Molecular structure and (b) ORTEP representation of the molecular structure of trans-1 with thermal ellipsoids (50 % probability), where nitrogen, oxygen and chlorine atoms are highlighted in blue, red and green, respectively. The hydrogen atoms and the solvent molecules are omitted for clarity. at 298 K was monitored by HPLC at 332 nm (isosbestic point, mobile phase was acetonitrile, Fig. 3b ). Compound cis-5 is thermally stable at 298 K and the thermal cis-trans isomerization of cis-5 does not complete within 1 month. On the other hand, the thermal cis-trans isomerization of cis-1 proceeds in several-tens-of hours. The thermal isomerizations of cis-1 and cis-5 follow the first order reaction kinetics. These reaction rate constants of cis-1 and cis-5 are estimated to be 5.9 × 10 −6 and 3.0 × 10
, respectively. Because cis-5 is also stable in benzene-d 6 (ca. 20 % of cis-5 isomerizes into trans-5 within 5 days) as well as in DMSO-d 6 , the solvent effect for the thermal cis-trans isomerization of cis-5 is negligible small. Thus, the thermal cis-trans isomerization of cis-1 is much faster than that of cis-5. The result indicates that the azobenzene moiety of cis-1 is less stable than that of cis-5 due to the steric strain caused by the intramolecular C-N bond between the two imidazole rings of cis-1. cis-1 and trans-1 are located at 516 and 542 nm (f = 0.0158 and 0.0093, respectively) and are described as the HOMO → LUMO and HOMO → LUMO+1 transitions, respectively. These transitions can be attributed to the intramolecular charge transfer (CT) transition from the electron-donating 6π-electronic imidazole ring to the electron-withdrawing 4π-electronic imidazole ring, which are the similar transitions to those of the bridged imidazole dimer derivatives [27] [28] [29] . Compound cis-1 has a weak absorption band at around 450 nm, whereas trans-1 does not have the similar absorption band in the same region. The TDDFT calculations suggest that this characteristic absorption of cis-1 is attributed to the n-π* transition of the cis-azobenzene moiety (S 0 → S 2 transition at 508 nm: HOMO-1 → LUMO+1). The π-π* transition of the trans-azobenzene moiety of trans-1 is located at 393 nm and is ascribed to the HOMO-1 → LUMO transition.
UV-vis absorption spectroscopy
Laser flash photolysis measurement
The photochromic properties of the imidazole dimer parts of cis-1 and trans-1 were investigated by the laser flash photolysis measurements. Fig. 5a shows the transient absorption spectra of cis-1 and trans-1 upon the laser excitation with 355 nm. The same absorption bands were observed at around 585 nm in cis-1 and trans-1. The spectral shape of the absorption band is very similar to that of TPIRs. In addition, the ESR signal was observed in trans-1 under UV light irradiation at room temperature (Fig. 5a inset) , indicating the generation of the radical species. Thus, we concluded that the imidazolyl radical (1R) is generated by the homolytic cleavage of the C-N bonds of cis-1 and trans-1 in a similar manner to previous reports [27] [28] [29] . In the [2.2]PC bridged imidazole dimer, the additional broad absorption band was observed at around 800 nm under UV irradiation. The absorption band was assigned to the intramolecular radical-radical interaction [28, 42] . In the BINOL-bridged imidazole dimer, there was little absorption at 800 nm derived from the radical-radical interaction because the overlap of the wave functions between the imidazolyl radicals is reduced [29, 30] . As similar to the BINOL-bridged imidazole dimer, 1R has no absorption band at 800 nm. It suggests that there is no efficient radical-radical interaction in cis-1R and trans-1R despite that the imidazolyl radicals of cis-1R are closely spaced by the cis-azobenzene moiety as compared to the trans-azobenzene moiety. Figure 5b shows the decay profiles of the photogenerated radical species of cis-1 and trans-1 in benzene. The excitation and probed wavelengths are 355 and 585 nm, respectively. Because the excitation with 355 nm induces the photoisomerization of the azobenzene unit and the C-N bond cleavage of the imidazole dimer unit, the mixture of cis-1R and trans-1R would be generated from both cis-1 and trans-1 by the excitation with 355 nm. The fast and slow decay components are observed in the decay profiles of the transient absorption dynamics of cis-1 and trans-1. Generally, the intramolecular recombination of bridged imidazolyl radicals takes less than hundreds-of-ms and follows the first-order kinetics. On the other hand, the intermolecular recombination of classical TPIRs takes more than minutes and follows the second-order kinetics. In addition, the thermal cis-trans isomerization of cis-1R would be similar to that of the precursor lophine cis-5 (a few tens-of-hours) because the conformation of cis-1R is similar to that of cis-5. The decay profile at the longer time scale excited by 355 nm light is shown in Fig. 5c . The long decay components disappear within a few tens of minutes, indicating that the contribution of the thermal cis-trans isomerization of the azobenzene part can be excluded. The decay curve does not completely obey the second-order reaction kinetics at the long time scale (after a few hundreds of seconds) most probably because the 355 nm excitation to cis-1 leads to the generation of the mixture of cis-1R and trans-1R. The further investigation of the kinetics for the long component (as described later) reveals that the long component is attributed to the intermolecular recombination reaction. We tentatively assign the fast and slow components of the transient absorption dynamics of cis-1 to the intramolecular recombination reaction of cis-1R and the intermolecular recombination reaction of trans-1R. The decay curves of the radical species generated from cis-1 and trans-1 are well fitted with the summation of the function obtained from the first-and second-order rate equations. The slow second-order decay component is discussed later. The fast decay component of the transient absorption dynamics of cis-1 is fitted with the single exponential decay function and the rate constant is estimated to be 107 s The slow component of the transient absorption dynamics of cis-1 would include the component derived from the intermolecular recombination of trans-1R because the excitation with 355 nm induces the cis-trans photoisomerization of the azobenzene moiety in addition to the cleavage of the C-N bond. However, the amplitude of the slow component is large as compared to the anticipated ratio of trans-1R generated after the cis-trans photoisomerization of the azobenzene moiety because cis-1R would be the major product at the photostationary state upon 355 nm irradiation as well as cis-5 (the ratio of trans-5 and cis-5 at the photostationary state under irradiation with 365 nm light is 7:20 as described above). Therefore, the large amount of the long decay component for the colored species generated from cis-1 indicates that cis-1R also undergoes the intermolecular recombination reaction. On the other hand, the transient absorption dynamics of the colored species generated from trans-1 also includes the fast decay component although the amplitude is smaller than that of cis-1. The rate constant is estimated to be 100 s −1 , which is good agreement with that for ). The fast decay component of trans-1 is actually found to be a thermal back reaction of cis-1R generated by the isomerization of the trans-azobenzene moiety by 355 nm light.
To investigate the kinetics of the radical recombination reaction of trans-1R, the excitation wavelength was set to 450 nm. Because the trans-azobenzene moiety has almost no absorption band in the visible light region, the trans-cis photoisomerization of the azobenzene moiety does not proceed upon 450 nm light irradiation and the radical recombination reaction of trans-1R can be analyzed individually. The transient absorption dynamics of trans-1 excited at 450 nm does not have the fast decay component (Fig. 6a) as is observed at the transient absorption dynamics of trans-1 excited at 355 nm (Fig. 5b) . This result indicates that the fast decay component of the transient absorption dynamics of trans-1 excited at 355 nm is not due to the intramolecular recombination reaction of trans-1R but due to the intramolecular recombination reaction of cis-1R generated by the trans-cis photoisomerization of trans-1R. The absorbance of trans-1R decreases slowly and disappeared within 2 h (Fig. 6b) . The reaction rate of trans-1R is accelerated with increasing the concentration of trans-1R. The decay of the absorbance follows the second-order reaction kinetics as demonstrated by the second-order plot (Fig. 6b inset) in contrast to the decay of the mixture of cis-1R and trans-1R (Fig. 5c) . It shows that the intermolecular recombination process of trans-1R is the dominant process and the probability of the intramolecular recombination process is very low. This is most probably because the two imidazole rings of trans-1R are well separated to decrease the steric hindrance. ESI-TOF-MS was utilized to directly observe the generation of oligomers. After the intermolecular reaction of trans-1R, we observed both positive and negative ESI-TOF-MS spectra ( (Fig. 7) . The MS spectra of the byproducts ([M+4H] + and [M+H+Cl] − , respectively) are also observed and these can be attributable to the products generated by the hydrogen abstraction of the radicals from their environment. These results suggest that trans-1R produces oligomers through the intermolecular radical recombination reaction.
Conclusion
The photochromism of the azobenzene-bridged imidazole dimer (1) is summarized in Fig. 8 . Compound 1 has two structural isomers, cis-1 and trans-1. We revealed the unique molecular structure of trans-1, which is formed mainly by the cis-trans isomerization of cis-1. Moreover, we succeeded in controlling the radical recombination reaction of the photogenerated imidazolyl radicals by the combination of the photochromism of bridged imidazole dimers and azobenzene. We found that two imidazolyl radicals of cis-1R are close enough to form the intramolecular C-N bond to produce cis-1 with the first-order reaction kinetics, whereas the imidazolyl radicals of trans-1R undergo the intermolecular recombination reaction because of the long distance between the radicals, resulting in the polymerization of trans-1R. The control of the chemical bond formation reaction would give useful information for the manipulation of higher order molecular structures such as polymers and supramolecules.
